We compared premature and nonpremature action potentials in Purkinje and ventricular fibers from the moderator band of the pig heart to determine if the duration of premature action potentials depended on factors other than preceding cycle length. In Purkinje fibers, the duration of premature action potentials was cycle-length dependent in responses originating more than 100 msec after the preceding repolarization, but the duration of earlier responses was less than the cycle-length-dependent duration. This cycle-length-independent shortening of premature responses increased with greater proximity to the preceding repolarization and increasing duration of the preceding action potential. In ventricular fibers, the duration of premature action potentials was greater than the cycle-length-dependent duration. This cycle-length-independent lengthening increased as the duration of the preceding action potential increased; it also depended on proximity, being greatest when proximity ranged between 26 and 275 msec. The difference between the durations of simultaneously recorded Purkinje and ventricular action potentials decreased as prematurity increased, but the earliest premature Purkinje action potential was consistently shorter than the simultaneously recorded ventricular action potential. Thus, premature stimulation produced different effects in Purkinje and ventricular fibers. However, in both fibers, the deviation of the duration of premature action potentials from the cycle-length-dependent duration was determined, at least in part, by the duration of the preceding action potential and proximity.
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first response following a sudden change of cycle length (or premature response) depends in some way on preceding events, i.e., the past history or "memory" effect (4, 7) . It has also been postulated that the ionic currents generated during the preceding response may affect the duration of the subsequent response (10) .
In this study, we have compared the durations of premature and steady-state action potentials preceded by cycles of the same length. We have analyzed the discrepancies between these durations in terms of the duration of the action potential and the diastolic interval immediately preceding the premature response. We have termed this diastolic interval "proximity". Since, with greater proximity, the premature response originates during repolarization of the preceding response, it was also necessary to consider the membrane potential at the onset of depolarization, the "takeoff potential". We postulated that such an analysis would: (1) help to reconcile the differences apparent in earlier reports, (2) allow us to predict with greater accuracy the effects of premature depolarization on the duration of action potentials, and (3) provide greater insight into the factors responsible for the known association between early premature responses and ventricular fibrillation (11) .
Methods
Action potentials from Purkinje and ventricular fibers were recorded from the perfused moderator band of the pig heart with flexibly mounted 3M KCl-filled glass microelectrodes and photographed from an Electronics-for-Medicine recorder as previously described (12) . The perfusion solution contained 143 ITIM Na, 4.8 m\i K, 2.5 rriM Ca, and 1.2 HIM Mg in 1 liter, and the temperature of the solution was maintained between 35° and 37°C. The preparation was driven by stimuli 2-5 msec in duration and 1.5 times diastolic threshold strength from a Grass S-4 stimulator and isolation unit. The stimuli were delivered through a pair of stainless steel hook electrodes inserted into the septal end of the preparation. In all experiments, both Purkinje and ventricular action potentials were recorded more than 2 cm from the stimulating electrodes. Premature and nonpremature Purkinje action potentials were compared only when they were recorded from the same cell. Ventricular action potentials were compared when they were recorded from the same area of the preparation, because we were usually unable to record from the same muscle fiber throughout the experiment.
The preparation was stimulated at a basic driving rate maintained at 0.5-2.5/sec, and action potentials were recorded as progressively earlier premature responses were induced. Each premature response was preceded by at least six nonpremature responses, and the records were not accepted for analysis unless the duration of the nonpremature action potential had returned to its steady-state value. The basic driving rate was then increased in steps so that at each step cycle length equaled that which preceded a premature response. The driving rate was maintained at each step until the duration of the action potential became stable. This usually required 2-3 minutes. Duration of an action potential was determined at the 90% level of repolarization, because this point could be determined more accurately than the point at which repolarization was complete. We accepted such records for analysis only when the durations of ten consecutive action potentials were equal. The records of premature action potentials were accepted for analysis when the amplitude of the preceding nonpremature action potential exceeded 110 mv in the Purkinje fiber and 100 mv in the ventricular fiber. By comparing the duration of premature and nonpremature action potentials preceded by identical cycles, we were able to determine whether the duration of the premature action potential was greater or less than the steady-state cycle-length-dependent duration (CL-independent lengthening or shortening, respectively). We assessed the effects of premature depolarization on the relationship between the durations of the action potentials of Purkinje and ventricular fibers when such action potentials were recorded simultaneously at a basic driving rate of 1/sec. Proximity was measured from the 90% repolarization point in the nonpremature action potential to the onset of the subsequent premature action potential. Proximity was less than zero when the premature action potential arose before the fiber was 90% repolarized. Statistical evaluation was performed using the Student f-test.
Results
PURKINJE FIBERS
The durations of premature and nonpremature action potentials preceded by identical cycles were compared in 17 experiments. A representative experiment is illustrated in Action potentials recorded from the same Purkinje fiber. CL = cycle length, APD = action potential duration determined at the 90% repolarization level. Top: The basic driving rate is 0.9/sec (CL = 1100 msec), and progressively earlier premature stimuli are introduced. Middle: The driving rate is increased until the cycle length equals that preceding the premature action potentials in the top row. Bottom: Superimposed tracings from the top row (broken lines) and middle row (solid lines). The numbers below the superimposed tracings are the differences between the durations of nonpremature and premature action potentials preceded by cycles of the same length (CL-independent shortening).
responses occur progressively earlier, and proximity changes from 275 msec in A to -10 msec in E. The premature action potentials arise from the resting potential in Figure 1A and B, and their durations are equal to those of nonpremature action potentials preceded by identical cycles. The premature action potentials in Figure 1C and D also arise from the resting potential, but their duration is 15 and 35 msec less, respectively, than expected on the basis of cycle length. We attribute the CL-independent shortening to the progressive Circulation Research, Vol. XXX, January 1972 increase in proximity, since the other factors which might have influenced the duration of the premature action potential, i.e., takeoff potential and the duration of the preceding action potential, are the same as in Figure 1A and B. In Figure IE , the premature action potential arises from a lower takeoff potential, and CL-independent shortening has increased to 175 msec. It is impossible to distinguish the effect of greater proximity from that of lower takeoff potential on the duration of this premature action potential, Graphic representation of the experiment shown in part in Figure 1 . Durations of premature and nonpremature action potentials and takeoff potentials (TOP) of the premature action potentials are plotted against length of the preceding cycle. The shaded area represents the CL-independent shortening of the premature response. The numbers in parentheses represent the proximity of the premature response to the nonpremature response (msec). APD = action potential duration; CL = cycle length. since both factors change simultaneously. Figure 2 presents a more detailed analysis of the same experiment and shows that when proximity ranges from 85 to 40 msec, CL-independent shortening of up to 40 msec occurs in premature action potentials arising from the resting potential. However, when proximity ranges from 40 to -10 msec, CL-independent shortening is associated with a progressive decrease in takeoff potential.
In the experiment illustrated in Figures 1 and 2, the duration of the action potential preceding the premature response was constant and therefore could not be a factor contributing to the CL-independent shortening. To evaluate this factor, we compared the CL-independent shortening of premature action potentials which followed action potentials of different durations, but arose with the same proximity to the preceding action potential and from the same takeoff potential. A representative experiment is illustrated in Figure 3 . The duration of the nonpremature action potential is 410 msec in A and 290 msec in B. This difference is due to the longer basic cycle length in A. The premature action potentials in A and B each arise from the same takeoff potential (-65 mv) and with the same proximity to the preceding action potential (-5 msec). The preceding cycle length and the duration of the premature action potential are shorter in B than in A, but the CLindependent shortening is 40 msec greater in A than in B. This experiment shows that the CL-independent shortening is increased by the longer duration of the preceding action potential.
In Figure 4 , we have analyzed our results by relating the CL-independent shortening observed in all experiments to the duration of the action potential preceding the premature response and to the proximity of the premature response. This analysis shows that in each of the groups determined by proximity, CLindependent shortening tended to increase as the duration of the preceding action potential increased, and in each of the groups determined by the duration of the preceding action potential, CL-independent shortening increased as proximity increased. When proximity exceeded 100 msec, the duration of the premature action potential equaled the CLdependent duration and therefore CL-independent shortening was absent. When proximity ranged from 76 to 100 msec, CL-independent shortening was present and tended to be greater when the duration of preceding action potentials was longer. However, the differences were not significant at the P< 0.05 level. When proximity ranged from 1 to 75 msec, CLindependent shortening was significantly greater (P<0.05) in two groups with longer preceding action potentials than in the group with the shortest preceding action potentials. When proximity ranged from -24 to 0 msec, significant differences existed between each of the groups.
In each of the groups determined by the duration of preceding action potentials, statistically significant differences (P < 0.05) in CLindependent shortening existed between the proximity ranges of -24 to 0, 1 to 25, and 26 to 50 msec. In the remaining groups, statistically significant differences between the increments in proximity could be demonstrated only when the duration of preceding action potentials was 401-600 msec, most likely because of the larger sample size of this group. In all fibers studied, the first lowering of the takeoff potential occurred when proximity ranged from 30 to 50 msec. Thus, when proximity ranged from -24 to 50 msec, takeoff potential was lower, and the effects of proximity on the duration of premature action potentials and CL-independent shortening Circulation Research, Vol. XXX, January 1972 could not be distinguished from the possible effects of the lower takeoff potential. However, when proximity ranged from 51 to 100 msec, takeoff potential was not lowered.
Our results show that when a premature response originates in an incompletely repolarized fiber small differences in proximity or takeoff potential or both cause large differences in the duration of premature action potentials when Purkinje fibers with slightly different action potential durations are simultaneously depolarized by the same premature stimulus. Figure 5 The mean value of CL-independent shortening it1 Purkinje fibers plus the standard error is shown as a function of proximity and the duration of the prececling action potential (Prec. APD). TOP = takeof potential.
which such action potentials were recorded. The duration of the nonpremature action potential is 15 msec greater in the upper trace. Therefore, the premature action potential in the upper trace arises in closer proximity to the preceding nonpremature action potential and from a lower takeoff potential than it does in the lower trace. This results in a 50-msec difference in the duration of the premature action potentials and causes the reversal of the relationship between the durations of the action potentials in these two fibers.
VENTRICULAR FIBERS
The durations of premature and nonpremature action potentials preceded by identical cycles were compared in 11 experiments. A representative experiment is shown in Figure  6 . The proximity of the premature response changes progressively from 250 msec in A to -20 msec in D. The premature action potentials in A and B arise from fully repolarized fibers and therefore from the resting potential. In C and D, the premature action potentials arise from incompletely repolarized fibers and therefore from decreased takeoff potentials. The duration of the premature action poten-tial in A is 5 msec longer than that of the preceding action potential and 45 msec longer than the CL-dependent duration. In B-D, the duration of the premature action potentials progressively decreases and approaches the CL-dependent duration so that in D the difference between the premature and nonpremature action potentials preceded by identical cycles, i.e., the CL-independent lengthening, has decreased to 20 msec. Figure 7 presents a more detailed analysis of the same experiment and shows that in the proximity range of 450 to 150 msec the duration of the premature action potential remained nearly constant while the duration of the action potentials preceded by identical cycles decreased from 400 to 350 msec. As a result, CL-independent lengthening increased from 0 to 50 msec. Within the proximity range of 150 to 50 msec, the duration of the premature action potential decreased from 400 to 340 msec. This decrease paralleled the decrease in the steady-state Ventricular action potentials recorded from the same area of the preparation. Top: The basic driving rate is 0.9/sec (CL = 1100 msec), and progressively earlier premature stimuli are introduced. Middle: The driving rate is increased until the cycle length equals that preceding the premature action potentials in the top row. Bottom: Superimposed tracings from the top row (broken line) and middle row (solid line). The numbers below the tracings are the differences between the durations of premature and nonpremature action potentials preceded by identical cycles (CL-independent lengthening). In A and B, the premature action potentials arise from the resting potential, but in C and D, the premature action potentials arise from a lower takeoff potential. CL-independent lengthening is greatest in C; the amplitude of the premature action potential in B is slightly lower than that of the preceding nonpremature action potential.
duration (from 350 to 290 msec). Therefore the magnitude of CL-independent lengthening remained constant. Within the proximity range of 60 to -20 msec, the duration of the premature action potential decreased from 340 to 265 msec. This decrease exceeded the decrease in the steady-state duration of action potentials preceded by identical cycles (from 290 to 245 msec). As a result, the magnitude of the CL-independent lengthening decreased to 20 msec.
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In the entire group of experiments, the durations of premature action potentials arising within 150 msec of the preceding repolarization were always shorter than the duration of the preceding nonpremature action potential. As illustrated in Figure 6B , this shortening of action potential duration was associated with a slight decrease in action potential amplitude even in premature action potentials arising from the resting potential. Graphic representation of the experiment shown in part in Figure 6 . Duration of premature and nonpremature action potentials and takeoff potentials (TOP) of the premature action potentials are plotted against length of the preceding cycle. The shaded area represents the CL-independent lengthening of the premature action potential, and the numbers in parentheses represent the proximity of the premature response to the nonpremature response (msec). CL-independent lengthening increases and then decreases as the proximity of the premature action potential increases.
In Figure 8 , we have analyzed our results by relating CL-independent lengthening of the premature response to the duration of the preceding action potential and to the proximity of the premature response. Within each proximity range, CL-independent lengthening tended to increase as the duration of the premature action potential increased. The CLindependent lengthening was greater within the intermediate proximity ranges (26 to 275 msec) than within the -24 to 25 msec or the 276 to 475 msec ranges.
In the entire group of experiments, the first lowering of takeoff potential occurred when proximity ranged from 20 to 50 msec. Thus, when proximity ranged from -25 to 50 msec, takeoff potential was lower and the effects of proximity on the duration of premature action potentials and CL-independent lengthening could not be distinguished from the possible effect of the lower takeoff potential. However, when proximity ranged between 51 and 475 msec, takeoff potential was not lowered.
GETTES, MOREHOUSE, SURAWICZ EFFECT OF PREMATURE DEPOLARIZATION ON SIMULTANEOUSLY RECORDED PURKINJE AND VENTRICULAR ACTION POTENTIALS
Premature action potentials from Purkinje and ventricular fibers were recorded simultaneously in 12 experiments. The results of a representative experiment are shown in Figure  9 . In this experiment, the nonpremature Purkinje action potential was 90 msec longer than the ventricular action potential. As the premature response occurred progressively earlier, the difference between the duration of the premature Purkinje and ventricular action potentials progressively decreased. When preceding cycle length was 540 msec, the takeoff potential of the premature action potential was at the resting level in both types of fibers, and the durations of the premature action potentials were equal. When preceding cycle length was less than 540 msec, the takeoff potential of the premature Purkinje action potential decreased, and the duration of the premature Purkinje action potential became shorter than the duration of the simultaneously recorded ventricular action potential. The duration of the earliest premature Purkinje Graphic representation of the relationship between CL-independent lengthening, proximity, and the duration of the preceding action potential. The mean value of CL-independent lengthening plus the standard error is shown. The number of comparisons in each group is shown within the bars. Abbreviations are the same as in Figure 4 . Graphic representation of an experiment in which action potentials of Purkinje (o) and ventricular (x) fibers were simultaneously recorded as progressively earlier premature responses were elicited. The experiment was terminated when the earliest premature Purkinje response was determined. Premature action potential duration (APD) and takeoff potential (TOP) are plotted against the length of the preceding cycle. The boxed symbols are the values for the nonpremature responses (basic driving rate = 1/sec).
action potential, recorded when preceding cycle length was 460 msec, was 100 msec shorter than the duration of the simultaneously recorded ventricular action potential. The change in the relationship of Purkinje and ventricular action potentials associated with the earliest premature Purkinje response in another experiment is illustrated in Figure  10 .
In the 12 experiments, the duration of the nonpremature action potential in the Purkinje fiber was 80-210 msec greater than in the ventricular fiber. However, the duration of the earliest premature Purkinje action potential was 25-210 msec less than the duration of the simultaneously recorded ventricular action potential.
Discussion
In this study, the duration of premature Purkinje action potentials originating more than 100 msec from the preceding 90% repolarization level equaled the steady-state CL-dependent duration. This result confirms Circulation Research, Vol. XXX, January 1972 the results of Greenspan et al. (9) . The duration of premature action potentials originating less than 100 msec from the preceding repolarization was less than the CL-dependent duration. The magnitude of this CL-independent shortening increased with: (1) increasing duration of the preceding action potential, (2) greater proximity to the preceding repolarization, and (3) lower takeoff potential. Although such CL-independent shortening has not been previously reported, its presence might have been suspected from the studies of refractory period by Moore et al. (5) and Janse (7) and from the action potentials computed by Noble (10).
Moore et al. (5) did not observe CLindependent shortening in canine Purkinje fibers. However, Figure 8 of their report illustrated as much as 100 msec of CLindependent shortening of the refractory 190 500 m sec.
FIGURE 10
Action potentials recorded simultaneously from a Purkinje fiber (top) and ventricular fiber (bottom). The records have been traced and remounted for greater clarity. The first two action potentials are recorded when the basic driving rate is 1/sec. The third action potential is the earliest premature Purkinje response. The numbers below the action potentials are the differences (msec) between the Purkinje and ventricular action potential durations (P-V). In the nonpremature responses, the duration of the Purkinje action potential is 190 msec longer than the duration of the ventricular action potential, but in the premature response the duration of the Purkinje action potential is 41 msec shorter than the duration of the ventricular action potential.
period. The proximity of these premature responses, estimated by determining the difference between preceding cycle length (250-350 msec) and the refractory periods of the preceding responses (250-350 msec) approximated 0 msec. These results are consistent with our findings and suggest that CLindependent shortening occurred in some of their fibers. Janse (7) studied changes in refractory period in the bundle branches of isolated perfused dog hearts. He stated that in the first beat following an abrupt decrease in cycle length from 600 to 300 msec, the refractory period of the bundle branches ". . . shortened to nearly the steady state level." However, Figure 28 of his thesis shows the following: (1) When cycle length was 600 msec, the duration of the refractory period in the left bundle (235 msec) was longer than in the right (225 msec). Thus, when cycle length was abruptly changed to 300 msec, the first response occurred 65 msec after the end of the refractory period in the left bundle and 75 msec after the end of the refractory period in the right. (2) In the first response after the change in cycle length, the refractory period was shorter in the left bundle than in the right, and in both the refractory period of the first response was shorter than that of subsequent responses. These results are consistent with our observation and suggest to us that CL-independent shortening might occur in the intact heart.
Our results may be explained by the characteristics of the ionic currents responsible for the action potential. The effects of the duration of the preceding action potentials and proximity may be attributed to the slow repolarizing (13) and slow depolarizing currents (14) (15) (16) (17) (18) . The possible effects of lower takeoff potential may be attributed to the interaction of rapid and slow depolarizing currents (18) (19) (20) .
We have shown that proximity and the duration of the preceding action potentials were also important determinants of the duration of the premature action potential in ventricular fibers. An appreciation of the effect of proximity helps to clarify divergent results in earlier reports. In our study, the duration of premature ventricular action potentials was not shorter than that of preceding nonpremature action potentials until the response arose within 150 msec of the preceding repolarization. This result confirms the observations of Hoffman and Suckling (3), Gibbs and Johnson (4), and Greenspan et al. (9) . In responses originating within 150 msec of the preceding repolarization, the duration of the premature action potential was shorter than the preceding action potential and approached the CL-dependent duration. This observation is consistent with those of Moore et al. (5) , who, in Figure 9 of their paper, illustrated premature action potentials arising less than 100 msec from the preceding 90% repolarization level. Janse et al. (6, 7) stated that the shortening of the refractory period in the first response after an abrupt change in cycle length from 600 to 300 msec was ". . . about 27% of the total shortening." The proximity of the first response after this decrease in cycle length ranged from approximately 30 to 90 msec ( Fig. 4 of ref. 7) . However, when cycle length was changed from 600 to 225 or 220 msec, the proximity of the first response was approximately 0 or 20 msec, respectively, and approximately 50% of the total shortening of the refractory period occurred ( Figs. 15 and 16 of ref. 7) . These results are consistent with the decrease in CLindependent lengthening which we observed when proximity ranged between -24 and 25 msec.
We have shown that CL-independent shortening in Purkinje fibers and CL-independent lengthening in ventricular fibers increased as the duration of the preceding action potential increased. This difference between Purkinje and ventricular fibers may reflect differences in membrane resistance during the plateau and in the behavior of the ionic currents responsible for the plateau (18, (21) (22) (23) (24) .
We could not eliminate the possibility that electrotonic interaction contributed to our results. However, it is unlikely that these effects were different in premature and nonpremature responses, since the slope of terminal repolarization in these action potentials was similar. In addition, we did not observe action potentials with sharp spikes and concave repolarization slopes as did Mendez et al. (25) and Sasyniuk and Mendez (26) .
The results obtained from simultaneously recorded Purkinje and ventricular action potentials were expected because of the results obtained in the individual fibers. These results confirm Janse's observations of refractory periods (7) and supplement his findings by demonstrating that, in early premature responses, Purkinje action potentials may be of shorter duration than the simultaneously recorded ventricular action potentials.
Our observations may be pertinent to the genesis of ventricular reentrant arrhythmias. We (27) previously correlated the onset of ventricular fibrillation in the isolated rabbit heart with the slowed depolarization and shortened duration of the premature ventricular action potentials arising from incompletely repolarized fibers. Our present study indicates that the change in the duration of premature action potentials was a function of proximity rather than of lower takeoff potential. Our studies also suggest that the increased temporal dispersion of the recovery of excitability in early premature responses, described by Han and Moe (28) , may be related to small differences in the proximity of premature responses to preceding nonpremature action potentials at various myocardial sites.
CL-independent shortening in Purkinje fibers may change the sequence of repolarization in fibers having action potentials of different durations and may reverse the recovery of excitability in Purkinje and ventricular fibers. A reversal in the sequence of repolarization has been shown by others in the right and left bundle branches (7) and in central and peripheral canine false tendons (25, 29) . The reversal in the sequence of repolarization in Purkinje and ventricular fibers might contribute to the genesis of ventricular arrhythmias by abolishing the Circulation Research, Vol. XXX, January 1972 protection afforded ventricular fibers by the normally longer duration of action potentials in Purkinje fibers. At slow heart rates, the duration of the nonpremature Purkinje action potential would be prolonged, CL-independent shortening would be exaggerated, and the associated effects on the sequence of repolarization would be more pronounced. These factors may account, in part, for the increased incidence of ventricular arrhythmias associated with bradycardia (30) .
